Chimeras of the catalytic subunits of the gastric H,KATPase and Na,K-ATPase were constructed and expressed in LLC-PK 1 cells. The chimeras included the following: (i) a control, H85N (the first 85 residues comprising the cytoplasmic N terminus of Na,K-ATPase replaced by the analogous region of H,K-ATPase); (ii) H85N/H356 -519N (the N-terminal half of the cytoplasmic M4 -M5 loop also replaced); and (iii) H519N (the entire front half replaced). The latter two replacements confer a decrease in apparent affinity for extracellular K 
The gastric H,K-ATPase and ubiquitous Na,K-ATPase have the highest sequence similarity (62% amino acid sequence homology) of the phosphorylating class (P-type) of ion motive ATPases. The reaction sequence catalyzed by these enzymes involves ATP binding followed by cation-dependent phosphorylation and dephosphorylation of an aspartyl residue at the active site, as well as conformational and vectorial transitions of phospho-and dephosphoenzyme. These reactions transduce the chemical energy of ATP hydrolysis into cation binding at one side of the membrane followed by occlusion in an ionbinding pocket and then cation release at the opposite side of the membrane. Sequence similarity between these enzymes is greatest in the regions associated with ATP binding and phosphorylation (for review see Ref. 1) . The basic structural and reaction sequence similarity notwithstanding, the catalytic subunit of each is associated with a distinct non-catalytic ␤ subunit, and the two enzymes differ with respect to their cation selectivity and sensitivity to inhibitors. However, we showed earlier that the affinity or selectivity of these two enzymes for cations is not absolute. Although the selectivity and/or reactivity of the Na,K-ATPase for H ϩ (H 3 O ϩ ) and the H,K-ATPase for Na ϩ are low, nevertheless the Na,K-ATPase can pump protons in place of Na ϩ ions at acidic pH (2) , and the gastric H,KATPase, Na ϩ in place of protons at alkaline pH (3) . This behavior underscores the similarities between these two enzymes and has the important implication that the cation binding domain probably involves a cluster of oxygen or possibly nitrogen atoms coordinating with either Na ϩ or hydrated protons (H 3 O ϩ ) reminiscent of complexes formed with cyclic polyethers as discussed by Boyer (4) .
To gain insight into the structural basis for the distinct cation selectivity of the two P-type pumps, we have initiated studies of the selectivity of Na ϩ versus protons for activation of activity using pumps comprising chimeric catalytic subunits of the rat ␣1 subunit of Na,K-ATPase and the gastric H,KATPase. Presumably, regions of dissimilarity in their ␣ subunits include structures which confer the distinct ligand binding/reactivities of the two ion pumps.
In an earlier study (5) , we showed that the replacement of the front-half of the Na,K-ATPase with that of the H,K-ATPase produced a functional chimera, H519N, which could be readily distinguished from the parent enzymes by virtue of its distinct sensitivity to ouabain. Unlike the parent H,K-ATPase, its activity is ouabain-sensitive, albeit with much lower sensitivity than that of the endogenous highly ouabain-sensitive pig kidney Na,K-ATPase of the LLC-PK 1 cells into which this chimera was transfected. In the present study, we have focused our attention on the cation selectivity changes affected by chimeric replacements within the front-half of the Na,K-ATPase, namely an N-terminal H85N chimera which served as a control and two others of which one (H85N/H356 -519N) comprises an H356 -519N as well as the H85N replacement, and the other, H519N, which comprises the entire front-half of the gastric H,K-ATPase appended to the back-half of the Na,K-ATPase.
EXPERIMENTAL PROCEDURES
Construction of Chimeras-The chimeras presented in this paper were generated between the rat Na,K-ATPase ␣1 subunit (cDNA provided by E. Benz, The Johns Hopkins University) and the rat gastric H,K-ATPase ␣ subunit (cDNA provided by G. Shull, University of Cincinnati). Fragments of each cDNA were exchanged using the restriction sites ApaI, corresponding to H,K-ATPase amino acid number 85, HpaI at amino acid 356, and NarI at amino acid 519. The ApaI and HpaI sites were introduced into the cDNAs using the Kunkel method of site-directed mutagenesis. The Na,K-ATPase ␣ subunit was mutated at base pair (bp) 1 465 Cys 3 Gly to form the ApaI site and at bp 1273 Cys 3 Thr and Cys 3 Ala at bp 1275 to form the HpaI site. The H,KATPase ␣ subunit already contained an ApaI site but was mutated at bp 1268 Ala 3 Gly, bp 1269 Cys 3 Thr, and bp 1271 Gly 3 Ala to introduce the HpaI site. These mutations did not change the amino acid sequence. Chimera H85N was constructed in the plasmid pSP72 (Promega, Madison, WI), which contains an ApaI site in the polylinker of pSP72 upstream of the cDNA insert, by subcloning the small ApaI fragment of the H,K-ATPase into the complementary portion of the Na,K-ATPase. Chimera H85N/H356 -519N was created by inserting the HpaI/NarI fragment from the H,K-ATPase ␣ subunit into chimera H85N. Both constructs were sequenced through the ligation points.
Cell Culture and Transfection-LLC-PK 1 and MDCK cells were grown in ␣-minimum essential media or Dulbecco's modified Eagle's medium (Life Technologies, Inc.), respectively, supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 50 units/ml penicillin, and 50 g/ml streptomycin. Subconfluent cells were transfected by the calcium phosphate method (6) with chimera constructs that had been subcloned into the mammalian expression vector pCB6 (kindly provided by M. Roth, University of Texas Southwestern) which carries resistance to the antibiotic G418 (Life Technologies, Inc.). Transfected cells were selected in media containing 1.8 mg/ml G418. Clones were screened for expression by immunofluorescence and Western blotting as described previously (7) and routinely passaged in media containing 1 M ouabain. Among the chimera-transfected cells which failed to survive this selection one, H519N-transfected LLC-PK 1 cells, did survive in culture medium supplemented with additional (5 mM) K ϩ . Transport Assays-Assays of pump-mediated K ϩ influx were carried out using KCl and 86 Rb ϩ , as a congener of K ϩ added in trace amounts, with cells grown in 24-well costar plates as described previously (5) except that the monensin concentration was 12 M, and both the preincubation and assays with medium containing monensin were carried out for 10 min at 37°C. Na ϩ concentrations shown represent extracellular Na ϩ concentrations, and it is assumed that intracellular Na ϩ is reasonably close to extracellular Na ϩ concentration under these conditions (cf. Ref. 8) . Data analysis using the Kaleidagraph program was carried out as described by Munzer et al. (8) and Therien et al. (9) whereby kinetic parameters for K ϩ activation, (K 0.5(K) and V max ) were obtained using a cooperative model of K ϩ activation, with the Hill function n ϭ 2; kinetic parameters for Na ϩ activation kinetics (KЈ Na and V max ) were obtained using a 3-site non-cooperative model. Each value shown represents the mean Ϯ S.E. of the difference between the means of triplicate determinations carried out in the presence of low (10
and high (5 ϫ 10 Ϫ3 M) ouabain concentrations. Measurements of Intracellular pH-Intracellular pH of transfected cultured cells was determined at 37°C essentially as described by Kaplan and Boron (10) using the pH-sensitive dye BCECF and the K ϩ /nigericin calibration procedure of Thomas et al. (11) , except that the concentration of BCECF was reduced to 5 M. The analysis was carried out with H85N-transfected MDCK cells grown on coverslips inserted diagonally in a cuvette held in a thermostatically controlled cell holder in a Perkin-Elmer model LS-50B luminescence spectrometer equipped with a magnetic stirrer. Excitation and emission slit widths were 10 and 2.5 nm, respectively, and the ratio method was used with excitation wavelengths of 490 and 450 nm light and emission intensity at 535 nm.
Measurements of Pump Current in Transfected Oocytes-Electrophysiological measurements of the chimera-mediated current were similar to those described by Horisberger et al. (12) 4) ), which contained 5 mM Ba 2ϩ in order to block channel-mediated K ϩ currents. Finally, oocytes were transferred to the chamber of the voltage clamp set up that contained the same K ϩ -free bath solution. The following protocol was followed to measure whole-cell currents at a holding potential of Ϫ50 mV; once the base line had stabilized, the K ϩ -free bath solution was replaced with a K ϩ -containing solution, and the K ϩ -induced current was recorded. The only difference between K ϩ -free and K ϩ -containing solution was that a fraction of Na ϩ ions had been replaced with K ϩ ions. The sum of the concentrations of Na ϩ and K ϩ was always 97 mM. Following recording of the current, the K ϩ -containing solution was replaced by the identical solution to which 5 mM ouabain had been added in order to demonstrate that the recorded current was indeed pump-mediated. All data were recorded using a Warner Instruments Oocyte Clamp 725C (Warner Instruments, Hamden, CT). Data analysis was performed with Pulse and Pulsfit software from HEKA (HEKA, Darmstadt, Germany). To determine half-activation constants, pump currents were plotted against their corresponding potassium concentrations and modeled with a Hill function, n ϭ 2.
Membrane Preparations and Assays of ATPase Activity-Membranes from LLC-PK 1 cells were isolated as follows. Cells grown in ␣-minimum essential media containing 1 M ouabain and 1.8 g/liter G418 were washed three times with phosphate-buffered saline, and then the packed cell pellet was lysed by treatment with 10 mM Tris-HCl (pH 7.4) containing 1 mM MgCl 2 for 20 min on ice (20-ml pellet obtained from cells grown to 60 -80% confluence on 10 15-cm Petri dishes). Following homogenization with a motor-driven Teflon/glass homogenizer (2 ϫ 25 strokes with a 2-min interval on ice) and centrifugation for 2 min at 1500 ϫ g, the supernatant was removed and centrifuged for 50 min at 39,000 ϫ g. The pellet was washed by resuspension with Ϸ200-volume 1 mM EDTA-Tris (pH 7.4) and centrifugation. Following suspension in the same medium, the pellet was rapidly frozen in liquid nitrogen and stored at Ϫ70°C. To ensure complete permeability of the membranes used for assays of ATPase activity, membranes were treated with SDS in bovine serum albumin essentially as described by Forbush (13) . Briefly, membranes were treated for 10 min at 22°C with 1% bovine serum albumin in 15 mM Tris-HCl (pH 7.4) containing 0.65 mg/ml SDS and then diluted Ն6-fold with 0.3% bovine serum albumin in 15 mM Tris-HCl (pH 7.4) to a final protein concentration of 0.02-0.12 mg/ml. Prior to assay, membranes were preincubated with either 20 M ouabain (low ouabain) or 5 mM ouabain (high ouabain) in 2 mM MgSO 4 , 1 mM EDTA for 10 min at 37°C. Unless indicated otherwise, assays were carried out for 20 min at 37°C in a final volume of 100 l containing 50 l of preincubated membranes and either The final ouabain concentrations were 10 M (low ouabain) and 2.5 mM (high ouabain). All assays were carried out in triplicate, and each value shown is the mean Ϯ S.E. of the difference measured in the presence of low and high ouabain concentrations. [␥-32 P]ATP was synthesized enzymatically from 32 P i as described elsewhere (14) . All isotopes were purchased from Amersham Pharmacia Biotech. Analysis of kinetic data using the Kaleidagraph program was carried out as described by Therien et al. (9) . As indicated, data points in the figures are shown as either percentages of V max , with the absolute values of V max given in the figure legends (determinations of K 0.5(Na ϩ ) , K 0.5(K ϩ ) , KЈ ATP ), or as percentages of the maximal activity observed.
RESULTS
In order to characterize domains of the catalytic ␣ subunit which confer the distinct cation selectivities of the Na,K-and gastric H,K-ATPases, we have assessed the functional consequences of replacing regions of the one enzyme by those of the other. The focus of the present experiments has been on regions within the N-terminal half of these enzymes. These chimeras were expressed in both mammalian epithelial cell lines (MDCK and LLC-PK 1 ) and, in the cases of H85N and H85N/H356 -519N, in Xenopus oocytes. All included replacement of the cytoplasmic N terminus of the Na,K-ATPase (residues 1-85) with the homologous region of the gastric H,K-ATPase. This strategy permits assessment of protein expression using antibodies raised against the N terminus of the H,K-ATPase. Accordingly, the chimera H85N served as a control for other chimeras.
Selection of Chimera-transfected Cells in Ouabain-Following selection in G418 as described earlier (5), growth of the transfected cells in medium containing a low concentration (1 M) of ouabain was used for selection of cells expressing functional rat H,K-/Na,K-ATPase chimeras. All three chimeras survived this selection, the H85N control and the chimeras involv-ing the substitution of (i) the front-half of the cytoplasmic M4 -M5 loop (H85N/H356 -519N) and (ii) the entire front-half gastric H,K-ATPase/back-half Na,K-ATPase (H519N). Although as reported previously (5) the H519N-transfected cells did not grow initially in ouabain, they were gradually adapted to growth in ouabain by first selecting cells resistant to G418 and then replacing the medium containing G418 (cf. Ref. 5) with medium containing micromolar ouabain and elevated (5 mM) K ϩ , a strategy first used by Arguello and Lingrel (15) for the S775A mutant. Relative to H85N and H85N/H356 -519N, the doubling time of H519N-transfected cells was increased 2-3-fold.
Pump-mediated Rb ϩ Influx-Preliminary experiments showed that the behavior of the control H85N in MDCK cells with respect to apparent affinities for activation of K ϩ influx by extracellular K ϩ (K ext ) or varying intracellular Na ϩ (Na cyt ) was similar to that of the endogenous ouabain-sensitive dog kidney enzyme (not shown), suggesting that this region does not have an important role in cation interactions. In subsequent studies, the behavior of transfected LLC-PK 1 rather than MDCK cells was studied for the following reasons. First, with membranes isolated from LLC-PK 1 cells, the fraction of total Na,K-ATPase activity insensitive to low (10 Ϫ5 M) but sensitive to high (2.5 ϫ 10 Ϫ3 M) ouabain concentrations was greater than that observed with membranes isolated from MDCK cells. Second, with control H85N-transfected LLC-PK 1 , but not MDCK cells, the pump-mediated K ϩ influx into cells equilibrated and then assayed in Na ϩ -free medium was essentially zero. This is probably due to the absence, or a substantially lower amount of nonspecific binding of Na ϩ or, more likely, trapping of cations in interstitial spaces of LLC-PK 1 cells compared with MDCK cells.
To determine whether the H519N and H356 -519N substitutions alter cation interactions, the transport behaviors of these chimeras were compared with that of the H85N control under conditions of varying pH, Na ϩ , and K ϩ concentrations, with monensin added to maintain a constant concentration of intracellular Na ϩ as described earlier (8, 9) . That the intracellular pH approximated the extracellular milieu was verified using BCECF fluorescence to measure intracellular pH as described under "Experimental Procedures" (not shown). As documented in several figure legends, the activity of the H519N chimera was severalfold lower than that of the other chimeras, which is not surprising in view of its notably lower growth rate (doubling time Ն2-fold longer).
In the representative experiments shown in Fig. 1 , the effects of varying K ϩ concentration were tested on (chimera) pump-mediated K ϩ influx into chimera-transfected LLC-PK 1 cells equilibrated with 20 mM Na ϩ at pH 6.0 (Fig. 1A) and pH 7.4 (Fig. 1B) . Higher Na ϩ concentrations were avoided in order to minimize changes in intracellular pH due to putative Na ϩ /H ϩ exchange. The data are plotted as percentages of V max values given in the legend. The results show that the substitution of the N-terminal half (residues 356 -519) of the M4 -M5 loop of the gastric pump into the homologous regions of the Na,K-ATPase decreases the apparent affinity for K ϩ and that the fold change relative to H85N is similar for both H85N/ H356 -519N and H519N (Ϸ6-to 7-fold higher K 0.5(K ϩ ) at pH 6.0 and 4.4-fold higher K 0.5(K ϩ ) at pH 7.4; see values in legend). Accordingly, a significant difference between H85N/H356 -519N and H519N could not be detected with cells assayed in 20 mM Na ϩ . With cells equilibrated at pH 7.4 and assayed at lower Na ϩ concentration (10 mM) the fold difference from the control H85N was reduced similarly for both H85N/H356 -519N and H519N chimeras at pH 7.4 (2-fold higher K 0.5(K ϩ ) ; experiment not shown). However, with both the sodium concentration reduced and the proton concentration increased ( Fig. 1C ; cells assayed at 10 mM Na ϩ and pH 6.0), K 0.5(K ϩ ) values 4-and 8-fold higher than that of H85N were observed with H85N/H356 -519N and H519N, respectively (see values in legend). In subsequent K ϩ influx assays, the medium K ϩ concentration was 4 mM in order to ensure close to saturation of all chimeric pumps. V max values of all chimeras were reduced over 50% as the pH was decreased from pH 7.4 to pH 6.0 (see legend) due, presumably, to a decrease in overall catalytic activity as pH is decreased.
Experiments at relatively high Na ϩ concentration were also carried out with cRNA-injected oocytes using ouabain-sensitive current as a measure of pump activity. Quantitative comparisons with fluxes shown in Fig. 1 are precluded by the differences in conditions, namely high intra-and extracellular Na ϩ and the membrane potential clamped at Ϫ50 mV. Neverthe-
FIG. 1. Effect of varying K
؉ concentration on ouabain-sensitive ( 86 Rb ؉ ) K ؉ influx into transfected LLC-PK 1 cells at pH 6.0 and pH 7.4. Assays were carried out as described under "Experimental Procedures" with cells equilibrated with 10 mM Na ϩ and the indicated concentrations of KCl in the medium. Cells were equilibrated and assayed in medium containing 20 mM Na ϩ at either pH 6.0 (A) or pH 7.4 (B) or 10 mM Na ϩ at pH 6.0 (C). Values for KЈ 0.5(K ϩ ) were obtained from a cooperative 2-site model described by the following form of the Hill For  H85N, H85N/H356 -519N, and H519N less, the results showed that the H85N/H356 -519N pump was electrogenic, and consistent with the flux data in Fig. 1 , its apparent affinity for K ϩ was notably lower than that of H85N (experiments not shown). Fig. 2 shows Rb ϩ influx as a function of varying Na ϩ concentration with transfected LLCPK 1 cells equilibrated and assayed in medium containing saturating (4 mM) K ϩ and at pH 6.0 ( Fig. 2A) and pH 7.4 (Fig. 2B) . The results suggest that the H519N substitution and, to a lesser extent, the H356 -519N substitution cause marked changes in selectivity for Na ϩ . Whereas little, if any, activity was detected in control H85N cells equilibrated and assayed in Na ϩ -free medium at either pH 6.0 or pH 7.4, a substantial ouabain-sensitive Rb ϩ influx into H519N-transfected cells occurred in the absence of added Na ϩ at both pH values, i.e. 35 and 60% of the maximal influxes observed with optimal Na ϩ were observed at pH 7.4 and pH 6.0, respectively (cf. Fig. 3 below) . Ouabain-sensitive K ϩ influx under Na ϩ -free conditions was also observed with the H85N/ H356 -519N chimera, although the activity relative to that observed with optimal Na ϩ concentration was much lower. The pH sensitivity profiles of K ϩ influx into cells equilibrated with either 0 or 20 mM Na ϩ are shown in Fig. 3 . For all three chimeras, activity in the presence of Na ϩ , presumably Na ϩ /K ϩ exchange, decreases as a function of decreasing pH. In the absence of Na ϩ , pump activity of the control H85N is barely detectable but persists in H85N/H356 -519N and H519N chimeras, particularly the latter.
Although the experiments presented in Figs. 2 and 3 suggest that under Na ϩ -free conditions the H85N/H356 -519N and H519N chimeras catalyze an exchange of protons for K ϩ , it is unlikely that intracellular Na ϩ is completely removed, even in cells equilibrated and assayed in Na ϩ -free medium in the presence of monensin (see Fig. 5 of Ref. 8) . Several explanations are plausible. Either the apparent affinity for Na ϩ of the H519N chimera and, to a lesser extent, the H85N/H356 -519N chimera are markedly increased compared with the control H85N and/or one or both of these chimeras can use protons in place of Na ϩ (H ϩ /K ϩ exchange) or together with Na
To gain explicit information about proton versus Na ϩ selectivity affected by the H356 -519N and H519N substitutions, it was necessary to assay activity using Na ϩ -free preparations. Well washed porous membranes, although lacking sidedness, are nominally Na ϩ -free and thus satisfy this criterion. In the experiments described below, we tested the effects of pH and varying Na ϩ and K ϩ concentrations on this component of ATPase activity of LLC-PK 1 membranes, henceforth referred to as "ouabain-sensitive ATPase." With membranes, it was feasible to assay activity at concentrations of protons (pH 5.5) greater than feasible with cells (pH Ն 6.0).
Cation Dependence of ATPase Activity-We first characterized the three chimeras with respect to apparent affinity for ATP. This allowed for subsequent assays to be carried out at optimal but not excessive concentrations of ATP, thereby maximizing the sensitivity of the assays. As shown in Fig. 4 , the chimeric replacements altered markedly the apparent affinity of the enzyme for ATP. This holds true particularly for H519N. Thus, KЈ ATP values determined at pH 7.4 with optimal Na ϩ (100 mM) and K ϩ (10 mM) concentrations were 124, 45, and 1.92 M ATP for H85N, H85N/H356 -519N, and H519N, respectively. KЈ ATP was reduced approximately 4-fold further when the pH was reduced to pH 5.5 (experiments not shown). Based on these results, the effects of cations were tested under the conditions of saturating concentrations of ATP. Thus (and unless indicated otherwise), the ATP concentration was 50 M for experiments carried out at low pH (pH 5.5) and 250 M for experiments carried out at pH 7.4 with the H85N and H85N/ H356 -519N chimeras. Assays of the H519N chimera were carried out at 10 M ATP at both pH values. Despite the low Na,K-ATPase activity of the H519N preparations at pH 7.4 (see legend to Fig. 4) , for all three chimeras, these concentrations of ATP allowed for maximal percentages (at least 25% of the total ATP hydrolyzed) of pump-associated ATP hydrolysis.
Evidence for Ouabain-sensitive K ϩ -ATPase Catalyzed by  H85N/H356 -519N and H519N -The Na ϩ dependence of ouabain-sensitive ATPase activity of membranes derived from mutant-transfected LLC-PK 1 cell membranes measured with constant K ϩ concentration (10 mM) at pH 5.5 is shown in Fig. 5A . The results indicate that in the absence of Na ϩ , an ouabainsensitive ATPase activity is observed with the H85N/H356 -519N and H519N chimeras at pH 5.5, whereas little, if any, activity is observed with the control H85N chimera. In fact, the activity of H519N at pH 5.5 was similar in the absence or presence of Na ϩ . Activities of the H85N/H356 -519N and control H85N chimeras were also evaluated at higher pH (pH 7.4; Fig. 5B ) under which condition a significant ouabain-sensitive component could not be detected in the absence of Na ϩ and presence of K ϩ . For these chimeras, the data were fitted to a 3-site non-cooperative model. Their Na ϩ activation profiles indicate similar values of KЈ Na of which the significance vis à vis experiments carried out at higher K ϩ concentration is discussed below.
Experiments aimed to assess the K ϩ dependence of the putative H ϩ ,K ϩ -ATPase activity effected by the chimeric substitutions are described in Fig. 6 . The results indicate that at acidic pH and absence of Na ϩ , the activities of all three chimeras increase with addition of 0.5 to 2 mM K ϩ . With higher K ϩ concentration (Ն10 mM), the activities of the H519N and, to a lesser extent, the H85N/H356 -519N chimeras remain relatively high, whereas that of the control becomes markedly inhibited. These results suggest that the H356 -519N and H519N replacements alter K ϩ /H ϩ antagonism at cytoplasmic H ϩ activation site(s). Support for this notion was obtained by the following observations (experiments with H85N and H85N/ H356 -519N, not shown). (i) When K ϩ inhibition was determined as a function of pH, K ϩ inhibition increased (comparison of activity at 10 mM to that at 0.5 mM K ϩ ) as the pH was decreased from pH 6.0 to pH 5.0 in the case of the H85N control but not the H85N/H356 -519N chimera. (ii) Analogous differences in K ϩ /Na ϩ antagonism at cytoplasmic Na ϩ activation sites were observed (experiments not shown). Thus, the apparent affinity for Na ϩ at pH 7.4 decreased at least 2-fold as the K ϩ concentration was increased from 10 to 50 mM in the case of the H85N control chimera, whereas little change was observed with the H85N/H356 -519N chimera, i.e. KЈ Na values for H85N were 1.8 and 4.2 mM at 10 and 50 mM K ϩ , respectively; the corresponding values for the H85N/H356 -519N chimera were 2.2 and 2.5 mM (experiment at 50 mM K ϩ , not shown). Similarly, in experiments carried out at pH 7.4 (not shown), evidence of Na ϩ /K ϩ antagonism was obtained with the K ϩ concentration varied at low (5 mM) Na ϩ concentration; maximal activity was observed at 2-5 mM K ϩ , and increasing the K ϩ concentration from 5 to 50 mM effected marked inhibition of the Na,K-ATPase of the control H85N but not H85N/H356 -519N chimera. These differences in effects of cytoplasmic K ϩ are probably the basis for the notable differences in levels of pumpmediated K ϩ influx into intact cells relative to Na,K-ATPase activity of porous membranes among the different chimeras (compare V max values in the legends of Figs. 1B and 4) . It is plausible that the high K ϩ :Na ϩ concentration ratio of the intact cells results in underestimation of the maximal pump activity in H85N and to a lesser extent H85N/H356 -519N.
pH Dependence of Activity Measured in the Presence of Low Na ϩ Concentration-To gain insight into the nature of cation exchanges associated with the altered sodium versus proton selectivity caused by the H356 -519N and H519N replacements, the pH sensitivities of the three chimeras were determined in the presence of 2 mM K ϩ and relatively low Na ϩ concentration (5 mM). The results shown in Fig. 7 indicate a pH-dependent decrease in activity of the H85N control and H519N chimera typical of wild type Na,K-and H,K-ATPases. The important observation was that the H356 -519N replacement results in little if any decrease in activity. This result taken together with (i) the decrease in activity at low pH in the absence of Na ϩ (Fig. 5A ) suggests that at low pH the H85N/ H356 -519N chimera catalyzes an electrogenic or electoneutral exchange of cytoplasmic Na ϩ plus H ϩ for extracellular K ϩ ions in the presence of Na ϩ or H ϩ /K ϩ exchange in the absence of Na ϩ .
Vanadate Sensitivity-The question of whether the alterations in apparent cation selectivity are secondary to major conformational changes was tested by probing the steady-state conformational equilibrium between E 1 and E 2 forms of the enzyme. The strategy was to use inorganic orthovanadate which acts as a transition state analog of inorganic orthophosphate thus binding to the E 2 conformation of P-type ATPases to form a relatively stable intermediate (16, 17 indicated that for both, the I 50 value for vanadate inhibition was Ϸ3 ϫ 10 Ϫ5 M, and a difference between the two could not be detected. This behavior contrasts with that of E 1 /E 2 conformational mutants of Na,K-ATPase (18) and of other P-type pumps (19, 20) . In contrast to H85N/H356 -519N, the H519N substitution results in a decrease in vanadate sensitivity. Even at the highest concentration tested (10 Ϫ2 M), the activity was only reduced Ϸ50%. This behavior taken together with the very high apparent affinity of H519N for ATP indicate that the steady-state conformational equilibrium of this chimera is shifted toward E 1 .
DISCUSSION
The notion that specific residues in transmembrane segments of the catalytic subunit of P-type pumps bind transported cations directly is well supported by experiments involving site-specific alterations of the sarcoplasmic reticulum Ca 2ϩ -ATPase (reviewed in Refs. 1 and 21) and, more recently, the Na,K-ATPase (for review see Ref. 22) . In the cases of the two most closely related P-type pumps, the Na,K-ATPase and gastric H,K-ATPase, it was also shown that Na ϩ ions and protons interact with sites of overlapping cation specificity (2, 3). Since cation binding, occlusion, and translocation are intimately coupled to ATP hydrolysis, it is not unexpected that alterations in the large M4 -M5 cytoplasmic loop bearing the ATP binding and phosphorylation sites impact the cation selectivity of putative cation ligating residues in adjacent transmembrane helices. The point of evidence is the increase in the apparent affinity for protons relative to Na ϩ observed with the chimeric enzyme comprising residues 356 -519 of M4 -M5 of the Na,KATPase replaced by the analogous region of the H,K-ATPase. Thus, compared with the H85N control, the chimeric H85N/ H356 -519N enzyme functions as an H,K-ATPase in the absence of Na ϩ and at elevated proton concentration ( Figs. 2A  and 5A ).
The experiments in Fig. 6 showing distinct effects of K ϩ on the ATPase activity of the H85N/H356 -519N chimera provide insight into the basis for the alteration in usage of protons versus Na ϩ caused by the H356 -519N replacement. The relevant observations are as follows. Similarly to the wild type Na,K-ATPase under conditions of low pH and absence of Na ϩ (2, 23), ATPase activity of the H85N and H85N/H356 -519N chimeras is stimulated by addition of 0.5-2.0 mM K ϩ . However, K ϩ added at higher concentrations (Ն10 mM) inhibits the control H85N chimera, with notably less effect on the H85N/ H356 -519N chimera. Presumably activation at low K ϩ is due to K ϩ interacting at extracellular cation activation sites, and inhibition at higher K ϩ concentration reflects K ϩ competition with protons acting at cytoplasmic activation sites. It is the latter K enzyme, the apparent affinity for protons is increased at least an order of magnitude as evidenced in the considerable K ϩ influx observed at pH 7.4 in the absence of added Na ϩ ions. Protons, more specifically H 3 O ϩ , bind also at extracellular sites, causing a marked decrease in apparent affinity for extracellular K ϩ , an effect that is also altered by the chimeric replacements. This behavior is consistent with a ping-pong model of cation transport involving a cation-ligating structure that alternatively binds cations at one side and then the other side. At cytoplasmic sites of the H519N chimeric pump, hydronium ions can bind and be transported like Na ϩ ; at extracellular sites, they can also bind and, like Na ϩ , act as competitive inhibitors of K ϩ binding.
